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The heterogeneous
nature of coal and the complexity of the pyrolysis process have made it very difficult
to perform unambiguous
experiments to determine the rates and mechanisms in coal pyrolysis. However,
recent years have seen a number of new experimental
and theoretical approaches which shed new light on
the subject. This paper considers the recent progress on kinetics, the formation of volatile products, network
models, cross-linking,
rank effects, and the ‘two-component’
model of coal structure. Recent experiments
which measured coal particle temperatures
at high heating rates provide reasonable agreement on kinetic
rate constants.
These rates also agree with those derived from experiments
at low heating rates. In tar
formation and transport, a consensus is being reached on the central role of the volatility of tar molecules
in explaining the variation with operating conditions
(pressure, heating rate, particle size, etc.) of the
amounts and molecular weight distributions
of tars. Progress in the quantitative prediction of tar and char
yields is being made through recently developed models for the fragmentation
of the macromolecular
coal
network. These models, which provide quantitative
descriptions
of the relations between the chemical
structure of the coal and the physical and chemical properties of the pyrolysis products (gas, tar, soot,
and char), are an exciting advance in the understanding
of the pyrolysis process. Such models are linking
the occurrence of the plastic phase of the coal with the ‘liquid’ fragments formed during pyrolysis. On the
subject of retrogressive
cross-linking
reactions, both solvent swelling and n.m.r. measurements
confirm
important
rank-dependent
differences
in reaction
rates; these appear to be related to the oxygen
functionalities.
Reasonable agreement is also seen for variations with coal rank of kinetic rates derived from
measurements
at low heating rates. Experiments
suggest that the recently revived ‘two-component’
hypothesis
of coal structure
has application
to low-rank coals, which are mixtures of two distinct
components:
polymethylenes
and a more aromatic network. Bituminous coals, however, appear far more
homogeneous.
Although experiments
can distinguish loosely and tightly bound fractions these fractions
appear to consist of similar materials and are differentiated primarily in their molecular weight and degree
of connection to the network. These coals appear to behave in a manner that is described by the network
decomposition
models.
(Keywords: coal; pyrolysis; kinetics)

Pyrolysis
is the initial
step in most coal conversion
processes, accounting
for up to 70% of the weight loss
suffered by the coal. It is also the process that is most
dependent
on the organic properties of the coal, and is
important
because of its influence on the subsequent
conversion
process. Figure I illustrates
how pyrolysis
influences the complete combustion process. For example,
the volatiles often control the ignition, the temperature,
and the stability of the flame. In addition, the pyrolysis
process controls swelling, particle agglomeration,
char
reactivity, and char physical structure.
Soot formation
(which can dominate
radiative
energy transport)
is
controlled
by the tar produced in pyrolysis. In gasification, the temperatures
and product distributions
are
strongly influenced by pyrolysis. The pyrolysis process
also controls
the initial fragmentation
of the macromolecule in liquefaction.
Accurate quantitative
descriptions of coal pyrolysis in combustion
are also important
for the development
of new pollution control strategies.
*Paper based on an invited summary ofcurrent progress (with emphasis
on research in the USA) in the area of coal pyrolysis, presented at the
Pittsburgh
Coal Conference
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The heterogeneous
nature of coal and the complexity
of the process have made it very difficult to perform
unambiguous
experiments
on pyrolysis. The resulting
lack of agreement on the rates and mechanisms
in coal
pyrolysis has hindered
the development
of predictive
methods for coal conversion. However, recent years have
provided a number of new experimental
and theoretical
approaches
which shed new light on the subject. This
paper considers
recent progress
in measuring
and
modelling the following aspects of coal pyrolysis: kinetics,
formation
of volatile products, network models, crosslinking, rank effects, fluidity, and the two-component
hypothesis of coal structure. The review focuses mainly
on work done in the USA.
PYROLYSIS

KINETICS

The greatest hindrance to progress in the area of pyrolysis
kinetics has been the enormous variation in reported rate
constants describing overall weight loss or tar evolution.
Previously
reported
rates of devolatilization
for bituminous coals heated rapidly (< lo4 K so ‘) span more
than three orders ofmagnitude
at a given temperaturelp4.
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There are many possible explanations
for such discrepancies in the measured temperature
regimes of coal
pyrolysis at a given heating rate. For example, coal
samples differ widely are heterogeneous,
and may contain
a mixture of macerals and minerals. Even pure macerals
themselves
may be mixtures
of similar phases (e.g.
molecules
bound in a macromolecular
network,
plus
smaller unbound
guest molecules)
or heterogeneous
phases of apparently
different origin (aromatic
ring
clusters with small peripheral groups linked by bridges,
plus long-chain
aliphatics).
In the past, pyrolysis rates have been compared even
when the heating rates used in the experiments
varied
from fractions to tens of thousands of kelvins per second.
However, wide differences in pyrolysis rates are reported
even for similar coals at comparable
heating
rates.
Temperature
regimes at which pyrolysis
occurs
in
heated-grid
reactors at a heating rate of lo3 K s-r vary
by more than 400K,
as revealed
by Freihaut
and
Proscia5. Figure 2 illustrates the discrepancy in reported
temperature
regimes for pyrolysis of Pittsburgh
Seam
coal in heated-grid
experiments
in which particles were
heated at lOOOK s-l to the indicated temperature
and
then immediately
cooled6-12.
For example,
the temperature at which 25% weight loss occurs varies between
550°C and 900°C for nominally
the same coal and
conditions.
Reported
pyrolysis rates at other heating
rates exhibit similar variations. To summarize, variations
in rates are reported even for similar coals at comparable

588

Fuel 1993

Volume

72 Number

5

heating rates, so that differences in heating rate and
sample cannot provide an explanation for the variations.
The differences in reported pyrolysis rates are most
likely caused by inaccurate
estimation
of particle temperatures. Freihaut and Proscia’ have recently reviewed
experimental
procedures that may have led to inaccurate
estimates
of particle temperatures
during heated-grid
experiments. Solomon and Serio4 presented an evaluation
of pyrolysis kinetics which concluded
that the lack of
accuracy
of coal particle temperature
determinations
(assumed, calculated, or measured) was the chief cause
of the variations in entrained-flow
reactor experiments.
This view has been supported by the work of Solomon
and co-workers2,3,1 3, Maloney
and JenkinsI
and
Fletcher’ 5,16. Assumptions
in modelling were concluded
to be a second important
contributor
to the uncertainties”. For example, Jamaluddin
and co-workers17-19
showed how the assumptions
used to interpret heatedgrid experiments can lead to substantial
variations in rate
because of the importance assigned to the cooling period.
Howard et ~1.~’ showed how the choice of model could
lead to large variations
in reported rates which depend
on heating rate.
Recently,
the results from two different
particle
temperature
measurement
techniques
were used to
narrow the uncertainty
in the overall rates of devolatilization at high heating
rates. An FT-i.r.
emissiontransmission
technique
was used to measure average
particle temperatures
in an entrained-flow
reactor’ 3 and
in a heated-tube
reactor’. Solid and gas samples were
collected to determine weight loss and volatile product
distributions.
The particle heating rates in these experiments were between 5000 and 40000K s-l, with final
temperatures
between
600 and 1600°C. First-order
kinetic analysis of the results indicated rate constants
given by Az.4~ 10r4s-’
and E%230kJmol-1.
At
SOOC, the resulting rate constant
is higher than any
previously reported.
Results obtained
with a transparent-wall
reactor in
nitrogen*l
are illustrated in Figure 3 where (a) presents
the measured
average temperature
across the stream
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measured by FT-i.r.,
and (b) compares the measured
weight loss with predictions
of a single first-order
expression assuming the previously determined rate and
rates one order of magnitude
higher and lower. The
particle temperature
history used for this prediction
is
indicated by the line in Figure 3a. These results indicate
that within the accuracy of the temperature
determination, the kinetic rate must be at least as high as the
previously determined
value.
Fletcher”.16
used a two-colour
infrared sizing pyrometer system to measure
the temperature,
size and
velocity of individual
coal particles during devolatilization. The results are presented in Figure 4. Heating
rates in the inert-gas flow reactor were - lo4 K s- ‘, with
experiments performed at two different gas temperatures
(maxima of 1050 and 1250 K). Particle temperatures
were
slightly lower than the gas temperature,
owing to thermal
radiation through the transparent
reactor walls. Analysis
of baseline pyrometry signals and particle sizes indicated
negligible interference from tar and other volatile gases
surrounding
the devolatilizing
particles. Solid samples
were collected using a helium quench probe, with subsequent aerodynamic
separation
of tar from char. The
extent of mass release during
devolatilization
was
determined
using Si, Al, Ti, and total ash contents as
non-volatile
tracers. One-step Arrhenius
kinetic coefficients determined from these data are A =2.3 x 10’4s-’
and E=230kJmol-‘.
The difference between the pre-exponential
factors
determined by Solomon et a1.2-21,by Serio et al.’ 3 and by
Fletcher’s~‘6
are within the uncertainty
in the particle
temperature measurements
in the two pyrometry systems
(+ 50 K). This is much closer agreement (a factor of - 2)
than has been achieved previously in similar instances in
the literature.
For bituminous
coals, tar evolution
and weight loss
rates are comparable,
since tar evolution dominates the
weight loss. Recent measurements
by Burnham et al.22,
by Solomon et ~1.~~and by Serio et a1.24at low heating
rates (0.0551.67 KS-‘) provide average kinetic rates in
distributed activation energy expressions for tar evolution
kinetics. These rates are in reasonable
agreement with
the kinetics derived from the experiments at high heating
rate described above. By using multiple heating rates, the
ambiguity
in the choice of the spread of activation
energies (present when only a single heating rate is used)
is eliminated. These rates are also in fair agreement with
recent heated-grid
data of Freihaut
and Proscias,
Gibbins-Matham
and Kandiyoti”
and Oh et a1.8.
Thus there is reasonable
agreement
among the kinetic
rates derived from the most reliable data, spanning
heating rates from 0.5 to 40 000 K s- ’ and temperatures
up to 1873 K. It therefore appears that with accurate
particle
temperature
measurements
and appropriate
kinetic models, findings of wide variations in kinetic rates
can be eliminated.
FORMATION
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OF VOLATILE

PRODUCTS

Devolatilization
of coal results in mass loss from the solid
material to form char, and the evolution of gases (CH,,
CO, CO,, H,O, light hydrocarbons,
etc.) and tars. Tars
are defined as volatiles (other than water) which condense
at room temperature.
Gas formation can often be related
to the thermal
decomposition
of specific functional
groups in the coal and can be predicted with reasonable
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accuracy by models utilizing first-order reactions with
ultimate yields and sometimes
using a distribution
of
activation
energies3P6%25P31. Examples are the work of
first-order
kinetics,
Suuberg
et al6 using multiple
presented in Figure 5, and that of Serio et a1.24 using
multiple first-order kinetics with a distribution
of activation energies, presented in Figure 6.

200
400
600
800 1000
Peak Temperature (“C)
Figure 5 Distribution
of pyrolysis products
from lignite heated to
different peak temperatures.
Symbols, experimental data: curves. model
calculations
(data from Ref. 6)
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Tar and char formation
are more complicated,
and
success in mechanistic
modelling
of tar formation
has
until recently been more limited. It is generally agreed
that tar formation
includes
the following
steps: (1)
depolymerization
by rupture of weaker bridges in the
coal macromolecule
to release smaller fragments
that
make up the ‘metaplast’;
(2) repolymerization
(crosslinking) of metaplast molecules; (3) transport of lighter
molecules away from the surface of the coal particles by
combined vaporization,
convection, and gas-phase diffusion; and (4) internal transport of molecules to the surface
of the coal particles by convection
and diffusion in the
pores of non-softening
coals and by liquid-phase
or
bubble transport
in softening
coals. Char is formed
from the unreleased or recondensed
fragments. Various
amounts
of loosely bound
‘guest’ molecules,
usually
associated with the extractable material, are also released
in devolatilization.
There is abundant evidence that mass transfer processes
play a role in determining
the yields of volatiles obtained
during pyrolysis. Most of the evidence comes from studies
in which the pressure in the gas phase external to the
particle was varied. Studies by Arendt and van Heek3’
and Suuberg et a1.6 show clearly that, as the gas pressure
external to a bituminous
coal particle is increased, the
yield of tar obtained during pyrolysis decreases. At the
same time the yield of light gases increases with increasing
pressure.
The effect of pressure
on lignite pyrolysis
behaviour
is not nearly so significant,
since tar yields
from lignite are quite small and the tar molecular weight
is 10~~“.
There is general qualitative
agreement on the role of
mass transfer limitations
in coal pyrolysis. If the rate of
escape of the tar decreases with increasing pressure, this
implies a longer residence time of tar precursors in the
particle, allowing a larger fraction to be repolymerized
into the char structure.
Once reincorporated
into the
solid matrix by more stable bonds, the tar precursors
can yield volatiles only by reactions that break them into
smaller molecules or split off small side groups (hence
the increased yield of gas with decreasing tar yield). These
reactions lead to lower tar yields because small molecules
require
more donated
hydrogen
per unit mass for
radical-capping
than large molecules do.
The mechanisms of tar transport in coal devolatilization
can be examined by considering the tar yield as functions
of particle
diameter
and pressure.
Suuberg
et al.(j
modelled the reduction
in tar yield with pressure in
terms of vaporization
of tars from the particle surface
(which introduces the tar molecular weight) and diffusion
across a boundary layer (which introduces the pressuredependence).
The main problem with this model is that
the surface would be quickly depleted of low-molecularweight species and that liquid diffusion is not sufficiently
rapid to supply fresh species to the surface. Solomon
et a/.j4 proposed
an alternative
explanation
for the
pressure dependence, in which the tars enter the gas phase
within the particle (within pores or bubbles)
at the
equilibrium
vapour pressure and are convectively transported in the light gas species. The release of tar is
proportional
to the volume of escaping gas. The higher
the external pressure, the smaller the volume of escaping
gas-hence
the dependence
of tar yield on pressure.
A similar assumption
was made by Niksa3’ in his
FLASHKIN
model. This is based on the data of Anthony
er a1.36.37, which indicate a lack of variation in tar yield

Progress

with particle size (up to 250pm). Niksa concluded that
transport
of tar from the centre of the particle to the
surface is not a limiting step for such small particles and
assumed that, consequently,
convection due to expansion
of light gases and tar vapours probably
predominates.
In addition, the low tar molecular weights in his model
suggest that only tar vapours, not liquids, are convected
from the coal particle.
An empirical
correlation
of vapour
pressure
with
molecular weight was proposed by Suuberg et ~1.~ and
subsequently
modified to agree with the boiling points
of five aromatic hydrocarbons
in vacuum9. This expression has been used in the FG-DVC
model (see the next
section) of coal pyrolysis 34 Niksa’ used a form of this
expression
in his coal pyrolysis model, but with the
vapour pressure coefficients as parameters for fitting tar
yields and molecular weights. More recently, Fletcher et
~1.~~ proposed
a new correlation
based on vapour
pressure data for coal liquids reported by Gray et ~1.~~~~~.
These data cover 12 narrow-boiling
fractions
with
molecular weights ranging from 110 to 315 u, and with
measured
vapour
pressures
ranging
from 3 kPa to
3.5 MPa. This correlation,
referred to here as the FGP
correlation (from the names of the authors38), agrees well
with the vapour pressures of the fractions of different
molecular weight, as shown in Figure 7~. Such agreement
was not possible
with the coefficients
proposed
by
Suuberg and co-workers6T9.
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Figure 7 (a) Comparison
of the FGP vapour pressure correlation
(Ref. 38) with data from Refs 39 and 40 for twelve narrow-boihng
fractions of coal liquids from Pittsburgh Seam coal. (b) Comparison
of the FGP (Ref. 38) and Unger and Suuberg (Ref. 9) vapour pressure
correlations with boiling point data for I 11 pure organic compounds
at various pressures
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The FGP vapour pressure correlation was also shown
to compare favourably
with the boiling points at four
ambient pressures of 111 organic compounds
commonly
observed
in coal tars, as shown in Figure 7h. The
predictions
of the Unger-Suuberg
correlation’
are also
shown. At low temperatures,
where vapour pressures are
< 1 kPa, there is little distinction
between
the two
correlations;
both compare well with the scattered data.
However, at elevated tempertures,
the FGP correlation
predicts higher vapour pressures (and hence lower boiling
points) than the Unger-Suuberg
correlation,
depending
on the molecular
weight. For example, the predicted
boiling point of a compound
of molecular weight 100 u
is 500 K based on the FGP correlation,
and 600 K based
on the Unger-Suuberg
correlation.
Preliminary
calculations using the CPD mode14’,42 (see next section)
indicate
that the FGP correlation
may be used in
devolatilization
models without
additional
empirical
constants in order to fit tar molecular weight and yield
data38.
It appears that gas and tar fragment formation
are
understood,
in terms of global mechanisms
and rates.
Tar transport
processes which produce the variations
with pressure and particle size are also understood,
and
quantitative
models are possible. On the other hand, the
detailed chemistry of these processes cannot presently be
described. Modelling of the formation
of tar fragments
from the decomposition
of the macromolecular
network
is an active research area that is discussed below.
MACROMOLECULAR

.
,27

I
15
(667 K,

in coal pyrolysis:

NETWORK

MODELS

Many recent studies have suggested that coal can be
thought of as having a macromolecular
network structure
to which concepts
of cross-linked
polymers
can be
applied. These concepts have been initialized to understand and model such properties of coal as insolubility,
equilibrium
swelling, penetration
of solvents, viscoelastic
properties, similarities between parent coal and products
of pyrolysis, cross-linking
during char formation,
and
formation of coal tar in pyrolysis.
A number
of investigators
have applied statistical
methods to predict how the network would behave when
subjected to thermally induced bridge-breaking,
crosslinking, and mass transport
processes. Figure 8, taken
from Grant et a/,41, presents the principal concept of the
network models. The figure shows a ‘fishnet’ network in
which thermally stable aromatic ring clusters are connected by weaker bridges. The network has a coordination number of 4 (i.e. each aromatic ring cluster has four
possible attachments
to its neighbours).
Figure &I shows
the network when the fraction of bridges present, p, is
0.8 (i.e. 20% of the bridges are broken).
Under these
conditions, only three fragments (indicated by boxes) are
free of the network. In this case the fragments consist of
single clusters only. When p is 0.55, as in (b) and its
complement
(c), many more fragments,
with several
linked ring clusters, are created.
The published network models were recently reviewed
.by Solomon et ~1.~~. Gavalas et u1.44,4s used statistical
methods to predict the release of monomers
from a
randomly connected network. The model of Niksa and
Kerstein46 used percolation
theory in a model called
DISARAY which extended their previous model built on
chain statistics47,48. Grant et ~1.~~ and Fletcher et ~1.~~
used percolation
theory based on a Bethe lattice in a
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definitions of tar, extracts, liquids and char, and in the
statistical methods used.
The application
of macromolecular
network models
appears to unify many observations
of coal pyrolysis,
including
tar formation,
extract formation,
metapiast
formation,
fluidity, and solvent swelling behaviour. For
example, Figure 9 compares the predictions
of weight
loss and extract yield from the FG-DVC
model4 with
the experimental
results of Fong et ~1.~~.Figure 10 shows
the prediction of Gieseler fluidity from the same model.
The concept of coordination
number appears important
in understanding
the ease with which the network comes
apart and the molecular
weight distribution
of the
fragments.
For a network
with a low coordination
number, such as a+ 1=2 for a linear chain, breaking of
20% of the bridges creates 100% fragments, and the
fragments are large. On the other hand, for a ‘fishnet’
lattice with o+ 1=4, breaking of 20% of the bridges
creates many holes in the ‘fishnet’ but few detached
fragments, and the fragments are small. The chemical
structure of the coal therefore determines the number of
detached fragments and the probable size distribution
of
those fragments.
These can be described with network
models.

.. 4
7
+. -

Figure 8 Monte Carlo simulations
of a square lattice with coordination number 4 and different bridge populations (from Ref. 41): (a)
p=O.8, with finite fragments indicated by boxes: (b,c) p=O.55. b$ith
finite fragments shown separately from the infinite array

model called Chemical
Percolation
Devolatilization
(CPD). Solomon et a1.49-50used Monte Carlo methods
in a network model called the Depolymerization,
Vaporization, and Crosslinking
(DVC) model. This was an
extension of their previous model for linear polymers5’.s2.
The DVC model was recently combined
with their
functional Group (FG) mode153~s4 to produce the general
FG-DVC
pyrolysis model. The FG-DVC
model has
been applied to the devolatilization
behaviour
of the
Argonne premium coalss5,56 and to predict the fluidity
of coaiss7.
As discussed above, the geometry of a network
is
described by its degree of branching.
An unbranched
linear network will have one bridge per ring cluster
attaching it to the next cluster. Thus each cluster has two
attachments
and is said to have a coordination
number
(g+ 1) of 2. A highly branched ‘fishnet’, as in Fiyure 8,
would have bridges attaching
it to four neighbouring
clusters and thus a coordination
number of 4. A branch
point is considered to occur at any cluster connected to
more than two neighbours
(i.e. having more than two
attachments).
When coal is heated,
the connecting
bridges can break and new bridges can form. The
objective of the abovementioned
models is the same:
given the geometry
(coordination
molecular
network,
to predict

number)
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Figure 9 Comparison
of FG-DVC model prediction (Ref. 34) with the
data of Ref. 58 (symbols) for Pittsburgh Seam coal pyrolysed at 85 kPa.
Final temperatures
(K) and heating rates (KS-‘): (a) 813.470; (b) 858,
446; (c) 992, 514; (d) 1018, 640
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Network models must also describe the cross-linking
that occurs during and subsequent
to devolatilization.
For example, as discussed in the next section, low-rank
coals undergo low-temperature
cross-linking
which increases the coordination
number, leading to low yields
of tar with low molecular weights. In contrast, higherrank coals do not exhibit early cross-linking
behaviour,
and hence yield large amounts
of tars which have a
broader range of molecular weight.
Another example of the effect of the network structure
on coal properties is the decrease in fluidity of weathered
coals. An explanation
for the effectiveness of weathering
in reducing
fluidity
is that oxidation
increases
the
cross-linking.
A slight increase in coordination
number
drastically reduces the yield and molecular weight of large
fragments that form the fluid. Network models are critical
to a description
of the mechanisms
involved
in coal
pyrolysis and cross-linking.
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CROSS-LINKING
As described above, during coal conversion the break-up
of the macromolecular
network and resulting product
formation
are controlled
by the relative rates of bondbreaking,
cross-linking
and mass transport.
Crosslinking serves to repolymerize
the metaplast remaining
in the char during pyrolysis, in such a way as to prevent
further evolution
of high-molecular-weight
species at
elevated temperatures.
This is indicated by experiments
in which coal is heated to high temperatures
at a given
heating rate; the tar yield reaches a limit at a given
temperature.
In the absence of cross-linking,
the tar yield
would continue
to increase as the vapour pressure of
metaplast rose with increased temperature.
Thus crosslinking reactions are important
in the pyrolysis, gasification and combustion
of coal because they control the
ultimate tar yield. Cross-linking
also controls the molecular weight distribution
of the tar, the fluidity in the
plastic stage, and the molecular order, surface area and
reactivity
of the char. In liquefaction,
cross-linking
reactions influence the yields at short contact time and
the distribution
of oils, asphaltenes
and preasphaltenes.
The most popular technique for following cross-linking
reactions in coal and char has been the measurement
of
the solvent swelling ratio, as described
by Green et
a1.59,60. This method
has been used to determine
cross-link
density changes during pyrolysis61-64
and
liquefaction65.
The results from pyrolysis
studies at
heating rates between 0.5 and 1000 K sP1 show that
cross-linking
is rank-dependent,
occurring in lignites at
lower temperatures
than in bituminous
coals61,62,64.
Figure I I, from Ref. 6 1, compares the volumetric swelling
ratio and weight loss for chars prepared at 1000 K s- ’
for a bituminous
coal and a lignite. Cross-linking
in
lignites occurs before tar evolution and the rapid loss of
weight and aliphatic hydrogen.
Cross-linking
in highvolatile bituminous
coals occurs at temperatures
slightly
higher than the temperature
of maximum tar evolution,
weight loss, and aliphatic hydrogen loss. Figure 12, from
Solomon et CZ~.~~,shows that this behaviour is observed
for slowly heated chars (0.5 K s- ‘) and varies in a
continuous
manner with rank.
Other properties
used to infer cross-linking
are the
extract yield58,62*63, the fluidity59,66.67,
the fraction
of mobile phase determined
from n.m.r. relaxation
times68,69, the ring cluster size and number of bridges

450

650

850
Temperature

1050

1250

(KY)

Figure 1 I Total volatiles yield (n ). tar yield (0) and char volumetric
swelling ratio (a) as a function of peak temperature
of pyrolysis: (a)
Bruceton coal; (b) dried North Dakota lignite (from Ref. 61)
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Figure 12 Comparison of solvent swelling ratios for coals of different
rank heated to various final pyrolysis
temperatures:
heating rate
30 K min _ ’ (from Ref. 64)

and loops determined
by n.m.r.70-73,
and the tar
molecular
weight distribution64.
These measurements
also show the rank-dependence
of cross-linking.
Both the
extract yield and the fluidity reach maxima for coals of
83-88 wt% carbon and decrease substantially
for lowerrank coals, presumably
owing to cross-linking56.66.67.
Measurements
by proton magnetic resonance thermal
analysis (p.m.r.t.a.) allow cross-linking
to be studied by
following the amount of a ‘mobile phase’ in the coal.
This amount
is observed to decrease as cross-linking
increases. The ‘mobile phase’ of a brown coal was shown
to decrease at a substantially
lower temperature
(below
that for tar evolution and aliphatic hydrogen loss) than
for a bituminous
coal (slightly above the temperature
for
peak tar evolution and aliphatic hydrogen 10s~)~~.
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Recent n.m.r. measurements
by Solum et ~1.~’ provide
information
on the ring cluster size and the number of
bridges and loops on the ring clusters for the Argonne
coals. This technique was applied to follow the increase
in the number of bridges and loops per cluster during
pyrolysis 71-73. A cross-link index from the n.m.r. data
-MO), where M, is the
is defined as (M, -M,)/(M,
number of bridges and loops per cluster at temperature
T, and the 0 and cc subscripts refer to the parent coal
and fully pyrolysed char respectively.
Figure 13 compares the cross-link
density obtained
from n.m.r. data with that obtained from solvent swelling.
These data clearly demonstrate
that the functional form
of the n.m.r. cross-linking
index is consistent
with the
normalized
volumetric
swelling index commonly
used.
In the Zap lignite, the number
of bridges and loops
increases with temperature,
indicating that initial crosslinking has occurred
at a relatively
low temperature
(-500 K) and progressive
cross-linking
occurs as the
temperature
is increased. A similar trend in the population of cluster bridges has been noted by Fletcher et
~1.~‘~~~ and Solomon
et ~1.~~. The n.m.r. data for
Pittsburgh
No. 8 coal suggest that the initial solvent
swelling behaviour is due to the breaking of labile bridges
at moderate
temperatures
(50&600 K), which permits
increased flexibility of the macromolecular
network. At

1.2

1.2
NVSR (1-X)
1.0 -

F

0.8 -

5
z

0.6-

0.6

0.4 -

0.4

g
Z

$

200

400

600

800

TEMPERATURE
1.4 -

++
llltO1ml

1000

1200

(K)
NV!% (1-X)
NMR INDEX

-3.4
-1.2

5
Total

Bridges

400

600

800

TEMPERATURE

1000

1200

(K)

Figure 13 Comparison of n.m.r. and swelling data for Zap lignite
(above) and Pittsburgh
No. 8 bituminous
coal (below) (from Ref. 71)
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higher temperatures
(>700 K), the number of bridges
begins to increase in a manner consistent with the reduced
swelling of the coal that would be expected to be
associated with a more rigid cross-linked
network. The
nmr. measurements
confirm that low-temperature
crosslinking occurs in low-rank coals and that cross-linking
at moderate temperatures
is observed in both bituminous
and low-rank coals.
An important
aspect is the identification
of chemical
reactions responsible for cross-linking.
Suuberg et u/.61-6*
observed that the low-temperature
cross-linking
associated with low-rank coals occurs concurrently
with the
evolution of CO,. This phenomenon
was confirmed by
Solomon and co-workers34.50~64. They also showed that
the cross-linking
in bituminous
coals at moderate
temperatures
is concurrent
with CH, evolution.
It
appears
that low-temperature
cross-linking
may be
related to the decomposition
of carboxyl groups (whose
concentration
is rank-dependent)
to form CO,, while
moderate-temperature
cross-linking
is related to the
release of methyl groups by substitution
reactions to form
methane.
This correlation
between gas evolution
and
cross-linking
has been utilized in the FG-DVC
mode134.
It explains the variation
in fluidity and tar-forming
behaviour
with rank. An interesting
observation
from
n.m.r. is presented in Figure 1472,74. The data show that
while the number of bridges and loops increases during
pyrolysis, the total number of attachments stays relatively
constant. This is consistent with the idea that cross-links
replace peripheral
groups (carboxyl
or methyl) lost
during pyrolysis.
RANK-DEPENDENT

200

0
Attachments

EFFECTS

The rank-dependence
of coal pyrolysis kinetics has been
a subject of controversy
for several years4*75. Some
workers
have claimed that the rank variations
are
responsible for much of the variation,
of several orders
of magnitude,
in reported rates. Others have found that
in experiments
where rank was the only experimental
variable, these differences were not very profound when

Progress

compared
with the large variations
in reported
rates.
The present authors subscribe
to the latter view, but
acknowledge
that there are circumstances
in which
relatively
small rank variations
may be important.
One such case is the prediction
of coal fluidity57.
The maximum fluidity observed experimentally
depends
strongly on rank and the temperature
history (heating
rate, final temperature).
In modelling of fluidity, it was
found that relatively small differences in the cross-linking
rate and in the tar evolution rate drastically affected the
fluidity predictions57.
The most accurate studies of rank effects are made at
low heating rates. Recent studies of the rank-dependence
of pyrolysis kinetics for the Argonne coals have been
made by Burnham et u/.22, Solomon et ~l.~~, and Serio et
a1.24-76. These last workers also reported data comparing
a lignite and two bituminous
coals at a high rate of
heating. The data obtained
at high heating rates were
consistent
with those derived at low heating rates. The
main conclusion from these studies is that for low heating
rates22p24,76 there is reasonable
agreement
between
investigators
on the variation of kinetics with rank. The
temperature
of maximum
evolution
(T,,,)
for total
hydrocarbons
(HC) at 30 K min- 1 ranged from 470 to
-530°C
for the Argonne coals. If one assumes that the
activation energies are - 200 kJ mol- ’ in the temperature
range of interest, this difference in T,,, corresponds
to a
difference in reactivity (kinetic rate) for HC evolution by
If the low-volatile
bituminous
coal
a factor of -50.
(Pocahontas)
is excluded, the difference becomes a factor
of N 10 ( - 40°C variation in T’,,,). The rank-dependence
of the chemical kinetic rates is important in the prediction
of fluidity. It can also be important
in predicting
tar
evolution
rates for very high-rank
coals (>90 wt%
carbon), but is less important for methane evolution. The
experiments
at both low and high heating rate support
the previous conclusion that kinetic rates vary with rank
usually by a factor of < 10, except for very high-rank
coals.
THE TWO-COMPONENT
COAL STRUCTURE

HYPOTHESIS

OF

There is a great deal of confusion concerning the concepts
of the ‘two-component
hypothesis’ or ‘host-guest’ model
of coal structure. The idea, as originally proposed77,78
to explain the ignition and coking behaviour
of coal,
was that coal consists
of ‘volatile components’
or
‘guest’ molecules (which can be released by heating or
extraction)
and a ‘non-volatile’
or ‘fixed carbon’ phase.
The concept was recently revived by Peter Given79, and
the evidence for and against a two-phase model has been
discussed80.81.
There is good reason to describe coal in terms of
different components
or phases. There is a part of coal
that is not bonded to the matrix, and may be extracted
with solvents; Marzec”
refers to this as the ‘molecular
phase’, and the term ‘guest molecules’ is also used. The
non-extractable
fraction of the coal is initially
interconnected
and is referred to as the ‘macromolecular
network phase’. Marzec suggests that molecular weights
in the molecular phase are as high as 600_7OOu, which
agrees with data presented
by Meuzelaar
et ~l.~~,
although other estimates of the molecular weight of this
phase go as high as 15 000 u. The amount and character
of the extractable
material depends on the solvent used
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for extraction. Solvents such as pyridine extract colloidal
dispersions, with molecular weights in millions, and may
break some of the weak chemical bonds in the extraction
process. Other solvents may lead to polymerization,
or may extract small amounts
of material.
Recently,
very high extract
yields have been obtained
with
mixtures of N-methylpyrrolidone
and CS, in ultrasonic
enviroments83.84.
It appears that the molecular
phase
may in fact be a continuum
of components,
and that
better solvents are able to remove larger molecules.
The low-temperature
peak of tar evolution
observed
in slow pyrolysis
of bituminous
coa1s22,55.82*85-87 is
direct evidence for the molecular
phase. This fraction
must be volatile enough to vaporize at 300_4OO”C, and
therefore consists of light material. If heavier molecularphase material exists, it is either too heavy to vaporize
or is not present in significant quantities. This molecular
phase may be similar in composition
to the rest of
the coal macromolecule88~89
or may consist of polymethylenes. Polymethylenes
represent a distinct chemical
phase, different from the principal coal structure, which
consists of aromatic ring clusters with substitutions.
The
amount of polymethylenes
present in coal decreases with
increasing rank90-92. Polymethylenes
may or may not
be attached to the network93, and so the molecular phase
and the macromolecular
network phase can both be
mixtures of two chemical types.
Another description
of phases comes from measurements of n.m.r. relaxation times68.69,94-96. There is a fast
relaxation
related to mobile hydrogen,
and a slow
relaxation
related to hydrogen in a rigid network. The
fast relaxation
is related to the second moment, M,,,
which is inversely related to the fraction of hydrogen in
the coal in mobile or liquid-like
molecules. These can
include molecules
that are covalently
bonded to the
network by a single bridge and are free to rotate. As
discussed by Marzec, a significant fraction of the coal can
be in the mobile phase. The mobile phase can increase
during pyrolysis6*; Fong et al.‘* observed that the yield
of pyridine extract from a bituminous
coal could become
as high as 90 wt% of the original coal. However, no
quantitative
significance can be attached to this figure,
since interpretation
of pyridine extraction data is complicated by the presence of colloidal dispersions. The mobile
phase is not required to be completely detached from the
macromolecular
network, and may be formed during
pyrolysis.
From the above discussion
of the two-component
hypothesis
it may be concluded
that coal does have
distinct measurable
phases differing in (1) molecular
weight and temperature
of evolution
(‘molecular phase’
or ‘guest’ molecules vs. ‘macromolecular
network phase’),
(2) chemical composition
(polymethylenes
vs. aromatic
ring clusters with substitutions),
and (3) n.m.r. relaxation
times (‘mobile phase’ vs. ‘rigid phase’). There are also of
course macerals
that are chemically
and physically
distinct. However, there is no simple relation between
these phases and the volatiles produced during pyrolysis.
Low-temperature
tars are the light fraction consisting
principally
of the ‘molecular
phase’ and the lightest
detached fragments of the ‘mobile phase’. This fraction
can consist of both the polymethylene
and the aromatic
ring cluster fractions. The major (higher-temperature)
tars consist of detached fragments of the mobile phase,
and of the macromolecular
network phase, together with
the remaining
fraction
of the molecular
phase. The
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high-temperature
tars may also contain polymethylenes.
The two-component
hypothesis appears to apply differently to lignites than to bituminous
coals. A significant
molecular phase appears in bituminous
coals but not in
low-rank coais, and it appears that the polymethylene
component
is important
only in lignites.
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